The spatiotemporal variability of ambient volatile organic compounds (VOCs) in Tehran, Iran, is not well understood. Here we present the design, methods, and results of the Tehran Study of Exposure Prediction for Environmental Health Research (Tehran SEPEHR) on ambient concentrations of benzene, toluene, ethylbenzene, p-xylene, m-xylene, o-xylene (BTEX), and total BTEX. To date, this is the largest study of its kind in a low-and middle-income country and one of the largest globally. We measured BTEX concentrations at five reference sites and 174 distributed sites identified by a cluster analytic method. Samples were taken over 25 consecutive 2-weeks at five reference sites (to be used for temporal adjustments) and over three 2-week campaigns in summer, winter, and spring at 174 distributed sites. The annual median (25 th e75 th percentile) for benzene, the most carcinogenic of the BTEX species, was 7.8 (6.3e9.9) mg/m 3 , and was higher than the national and European Union air quality standard of 5 mg/m 3 at approximately 90% of the measured sites. The estimated annual mean concentrations of BTEX were spatially highly correlated for all pollutants (Spearman rank coefficient 0.81e0.98). In general, concentrations and spatial variability were highest during the summer months, most likely due to fuel evaporation in hot weather. The annual median of benzene and total BTEX across the 35 sites in the Tehran regulatory monitoring network (7.7 and 56.8 mg/m 3 , respectively) did a reasonable job of approximating the additional 144 city-wide sites (7.9 and 58.7 mg/m 3 , respectively). The annual median concentrations of benzene and total BTEX within 300 m of gas stations were 9.1 and 67.3 mg/m 3 , respectively, and were higher than sites outside this buffer. We further found that airport did not affect annual BTEX concentrations of sites within 1 km. Overall, the observed ambient concentrations of toxic VOCs are a public health concern in Tehran.
Introduction
Air pollution has a profound effect on population health (Cohen et al., 2017; GBD 2015 Risk Factors Collaborators, 2016 Künzli et al., 2000) . It crosses borders and is responsible for more annual deaths than HIV/AIDS, tuberculosis, and road injuries combined (Lancet, 2016) . A recent report from the World Bank estimated that premature deaths attributable to air pollution could be associated with global costs of $225 billion in lost labor income and $5.11 trillion in lost welfare in 2013. These values are higher than the gross domestic products of many large countries, such as India and Canada (World Bank and Institute for Health Metrics and Evaluation, 2016) . Even so, the estimates only considered the impacts of fine particulate matter (PM 2.5 ) and ozone, and they would have been even higher if a wider range of pollutants and health outcomes had been included (Amini et al., 2014a .
Low and middle income countries (LMICs) are more affected by air pollution than high income countries (Brauer et al., 2016) , partially because of inconsistent, ineffective, or nonexistent air quality standards (Künzli et al., 2015; Kutlar Joss et al., 2017) . Iran is an LMIC in the Eastern Mediterranean Region (EMRO) of the World Health Organization (WHO), and its larger cities are currently facing an air pollution crisis due to continued urbanization, and increasingly dense motor vehicle traffic with high emissions (Banitalebi and Hosseini, 2015; Hassani and Hosseini, 2016; Heydarpour et al., 2014) . The capital city of Iran has been profoundly affected by these changes (Naddafi et al., 2012) . Recent studies have reported that concentrations of criteria air pollutants are well beyond the national standards, and close to 100% of the population lives in areas where the WHO guideline values are exceeded (Amini et al., 2014b .
A recent emissions inventory of Tehran reported that most air pollution in 2013 originated from mobile sources, including 46% of nitrogen oxides, 97% of carbon monoxide, 70% of particulate matter, and 86% of volatile organic compounds (VOCs) (Shahbazi et al., 2016b) . The rest of 14% of VOCs in 2013 emitted from stationary sources including gas stations (10.5%), energy conversion (1.6%), households and commercials (1.4%), industries (0.3%), and terminals (0.15%) (Hosseini and Shahbazi, 2016; Shahbazi et al., 2016b) . The VOCs have a wide range of pollutants classified into alkanes, alkylbenzenes, chlorinated hydrocarbons, terpenes, and other miscellaneous VOCs, such as ethyl acetate, butyl acetate, acetophenone, and so forth (Baldasano et al., 1998) . The group of alkylbenzenes includes benzene, toluene, ethylbenzene, p-xylene, mxylene, and o-xylene (BTEX), which are toxic aromatic VOCs (Bolden et al., 2015) . The International Agency for Research on Cancer has classified benzene as carcinogenic to humans (Group 1) (International Agency for Research on Cancer, 2016) , and the other BTEX species have a range of adverse health effects, even at low concentrations. These effects mainly include non-communicable diseases (NCDs), such as reproductive and developmental outcomes (Donald et al., 1991) dsperm abnormalities and reduced fetal growthdand effects on cardiovascular disease, respiratory dysfunction, asthma, sensitization to common antigens, among others (Aguilera et al., 2009; Bolden et al., 2015; Delfino et al., 2003) .
Previous studies in Tehran have shown that the concentrations of toxic VOCs in the ambient air were much higher than national and European Union (EU) ambient air quality standards (Atabi et al., 2013; Dehghani et al., 2016; Sarkhosh et al., 2013) . However, these conclusions were based on measurements from a limited number of locations over a short period or in a single district. Furthermore, they partly were taken in highly polluted areas that were not representative of the exposure experienced by the general population. As such, we have evidence that VOCs may be of particular concern in Tehran, but little information about their spatial and temporal variability. Here we present the design, methods, and results of the Tehran Study of Exposure Prediction for Environmental Health Research (Tehran SEPEHR 1 ), which was a comprehensive and collaborative Swiss-Iranian effort to fill this knowledge gap. Although our focus here is on VOCs, the overall objective of Tehran SEPEHR was to better characterize air quality in the city by measuring nitrogen dioxide, sulfur dioxide, ozone, and BTEX.
Materials and methods

Study area and period
Tehran covers a large area of over 613 km 2 and is divided into 22 administrative districts. It is located at 35 41 0 of North and 51 25 0 of East, with the Alborz Mountains in the north, a desert in the south, and the populated areas ranging from 1000 m to 1800 m above sea level (Fig. 1) . The annual mean daily temperature is 18.5 C, with highs around 43 C in July and lows around À15 C in January. The average annual precipitation is 220 mm, with the maximum in March (39 mm) and the minimum in September (1 mm). The weather is typically sunny, with an annual average of 2800 h of bright sunshine and a mean cloud cover of 30%. The prevailing winds blow from west and north. Tehran is the most populous city in Iran, with approximately 9 million urban residents, and a daytime population of more than 10 million people due to commuters from the outlying areas . The air sampling study was conducted from April 2015 through May 2016.
Study design
Measurement sites
We sampled VOCs at 179 sites, including five reference sites, chosen via systematic methods and consultation with local collaborators ( Fig. 1 ). Prior to sampling we visited and recorded the characteristics of 276 potential sampling locations within the city where permission to deploy the samplers could be obtained, including many in residential areas. The budget could not support sampling at all locations, so we identified a subset of 179 sites using expert consultation and a cluster analytic method (CAM) integrating prior knowledge about the spatial variability of air pollution in Tehran, as described below.
Our previous work found the following variables to be important predictors of ambient air pollution concentrations: (1) length of the streets within 300 m; (2) distance to highways; (3) distance to bus terminals; (4) population density within 1 km; (5) official/ commercial land use areas within 500 m; and (6) other land use areas within 300 m (Amini et al., 2014b . The overall goal of the CAM algorithm was to optimally represent the full spatial distribution of the eligible sites while also optimally representing these six key variables. For this purpose, the variables were orthogonalized using principal component analysis and the resulting principal components were then used in a cluster analysis. We computed a distance measure between pairs of sites (Equation (1)) to identify clusters.
where Z ik denotes the score of site i on the kth principal component. Using this distance metric, the 276 sites were partitioned into 93 clusters of 2e3 sites each ( Figure S1 ) and 32 isolated sites. For each of the 93 clusters, the site with the highest population density within 1 km was typically selected, but 35 sites that were part of the regulatory air quality monitoring network were chosen even when they did not have the highest surrounding population density. Five of these 35 sites were chosen as the reference sites, as described below. All of the 32 isolated sites were selected for the study. The CAM analyses were done in SAS software (SAS Institute Inc., Cary, NC, USA). We selected the remaining 54 sites purposefully to ensure that: (1) visually identified spatial gaps in the study area were filled; (2) the numbers of monitoring sites per administrative district were balanced; and (3) sites of particular interest were included.
The five reference sites were co-located with routine network monitoring stations managed by the Tehran Air Quality Control Company (AQCC). Specifically, we used the Golbarg (R1), Mantagheh 10 (R2), Park-e-Roz (R3), Aghdasieh (R4), and Shahr-e-Rey (R5) stations (Fig. 1) . These sites represent a wide range of traffic (residential at R1 to highway at R2), elevation (1053 m at R5 to 1549 m at R4), and emissions (61 tons/year at R3 to 360 tons/year at R2) (supplemental information (SI), Table S1 ).
To summarize, we included a total of 179 sampling sites. Of these, 125 were selected using the CAM algorithm and 54 were manually selected to address specific objectives. Of the 125 sites selected by the CAM algorithm, 35 were co-located with sites in the regulatory air quality monitoring network, and 5 of these were reference sites at which we took measurements during the entire study period. Further, expert opinion was used to classify the nonreferences sites into the following strata: residential; trafficimpacted; green space; and industrial. These strata were based on previous studies where different emissions and characteristics were found within each group (Beelen et al., 2013; Eeftens et al., 2012) .
Sampling methods
Serial 2-week measurements were taken throughout the study period at the five reference sites to enable imputation of pollutant concentrations at the other 174 sites during periods between measurement campaigns. All 179 sites were concurrently sampled during three 2-week campaigns in summer (July 23 e August 6, 2015), winter (February 4e18, 2016) , and spring (April 28 e May 12, 2016). We could not measure in autumn because of logistic constraints.
We used passive BTEX samplers developed by the Swiss company Passam (Passam Co. M€ annedorf, Switzerland), which also led the laboratory analyses. The samplers are built from a glass pipe that is open at both ends and filled with activated charcoal. Both openings are then filled with a cellulose acetate diffusion barrier. Ambient air diffuses into the samplers, which we covered with protective Passam shelters to reduce the effects of meteorological conditions, such as wind and precipitation ( Figure S2 ). Any BTEX species absorbed onto the activated charcoal during the 2-week exposure period were desorbed by carbon disulphide, and the concentrations of individual species and total BTEX were analyzed by gas chromatography (Passam Co, 2016) .
Quality assurance/quality control
In order to evaluate the precision of the passive samplers, we used duplicates and blanks (50% field blanks, 50% lab blanks) for 5% of the serial 2-week samples taken at the reference sites throughout the year. Duplicates were deployed at all five reference sites during the three seasonal campaigns. In addition, we deployed duplicates and blanks at 5% of the 174 non-reference sites during the three campaigns. These quality assurance/quality control (QAQC) procedures in Tehran SEPEHR resulted in 123 duplicated samples and 44 blanks for each pollutant.
Statistical methods
Calculation of the annual mean
One goal of the three measurement campaigns was to estimate the annual mean concentrations of ambient BTEX across Tehran. The usual method to derive the annual mean from a small set of 2-week measurements requires them to be compared with concurrent measurements at reference stations where concentrations have been measured over an entire year. Based on the respective ratios or differences, annual average pollutant concentrations can be imputed. Both the multiplicative and the additive imputation methods have been used widely in air pollution exposure science and epidemiology (Beelen et al., 2013; Eeftens et al., 2012) . We compared these approaches using mixed linear regression models with random effects by site to evaluate which method produced the more robust results based on the Akaike information criterion (AIC) (Sakamoto et al., 1986) . Models for both approaches assumed random site intercepts. The additive model used the matched 2-week measurement of the selected reference site as an offset along with random intercepts. The multiplicative model used this measurement both as a fixed and a random effect while constraining the fixed intercept and the random intercepts to 0. These analyses indicated that the multiplicative approach was more suitable for the context of Tehran (see SI, page S5).
Because we had five reference sites, we tried three different weighting approaches to estimate annual means for each pollutant in all sites. In all three approaches, reference values for a given nonreference site i were obtained as weighted means of the concurrent measurements at the five reference stations. These weights are denoted by w(i,k), where k is the reference site. In method 1 (M1) w(i,k) was taken to be proportional to 1 1ÀcosineðaÞ 2 , where a is the angle between the vector of the three 2-week measurements at the non-reference site i and the vector of the three concurrent 2-week measurements at reference site k. In method 2 (M2) w(i,k) was taken to be proportional to the inverse of the distance between the non-reference site i and reference site k. Finally, in method 3 (M3) w(i,k) was taken to be proportional to the inverse of the squared distance between the non-reference site i and reference site k. The resulting weights were normalized to satisfy w(i,1)þ
In order to compare the results of M1, M2, and M3, we ran pollutant-specific descriptive analyses and cross-validations for each method. In summary, each of the 2-week measurements was left out of the analysis once, and the algorithm was used to estimate the omitted measurement. This estimate was compared with the measured value, and the difference of the two values calculated. The absolute values of these differences were summed, and then divided by the number of iterations to get the mean absolute error. The differences were also squared to calculate the root mean squared error (See SI, page S6).
Description of ambient BTEX
We assessed the normality of the BTEX measurements at the reference sites and across all sites using the Shapiro-Wilk test and visual inspection of the histograms and Q-Q plots. Depending on the results we reported the mean and standard deviation (SD) or the median and interquartile range (25 th e75 th percentile).
Our final objective for this study was to describe the temporal and spatial patterns in BTEX concentrations using year-long measurements from the five reference sites, seasonal measurements from all 179 sites, and estimate annual averages for the 174 nonreference sites. There was a complete year of serial 2-week measurements for each of the reference sites, and we started by calculating the within-site and between-site Spearman correlations between BTEX species over the study period.
We further calculated the coefficient of divergence (COD) for all pairs of reference sites to quantitatively evaluate the spatial heterogeneity over the entire year (Equation (2)).
where p is number of paired values (concentrations, X) for the sites j and k. The COD ranges in value from 0 (homogeneous) to 1 (heterogeneous), and values above 0.2 are considered to be spatially heterogeneous (Sawvel et al., 2015; Wongphatarakul et al., 1998) . Similarly, there were complete sets of city-wide measurements for each of the three seasonal campaigns and estimates for the annual averages. We used box plots to summarize the information by season, and we used pollutant-specific correlations to evaluate differences between seasons.
We assessed pollutant-specific spatial variability across the city using the coefficient of variation (CV) statistic for measured seasonal and estimated annual means by site strata, including: reference; residential; traffic-impacted; green space; and industrial. In addition, we compared measurements taken at the 35 locations within the current air quality monitoring network with measurements from the other 144 sites. The purpose of this comparison was to evaluate how well concentrations measured at the network locations reflected those experienced by the wider population, as this has been raised as a concern in Tehran (Goudarzi et al., 2009 ). We also compared measurements within 300 m of gas stations with those outside of this buffer to better evaluate the impacts of fugitive emissions, especially in summer, because Atabi et al. (2013) reported higher concentrations of benzene in these areas (Atabi et al., 2013) . Finally, we compared the measured concentrations in buffer of 1 km around Mehrabad International Airport with sites outside this buffer per interest in impact of airport on long-term VOCs pollution (Gaeta et al., 2016) .
Results and discussion
Sampler precision
The agreement between the 123 duplicate benzene samples was very high with an intra-class correlation of 0.94. The median (IQR) concentration of the 246 benzene samples was 6.8 (3.1) mg/m 3 and the mean difference (SD) between duplicates was 0.03 (1.04) mg/m 3 .
There was no bias observed in the Bland-Altman plots ( Figure S3 ). In addition, none of the lab or field blanks were above the limits of detection. The agreement between duplicate Passam samples for BTEX indicates that they have high precision. Furthermore, previous studies have reported that Passam and other types of passive VOC samplers do provide accurate results when compared with more rigorous reference methods (LANUV, 2014; Marc et al., 2015; Stevenson et al., 2001 ).
Estimation of annual means using reference sites
Measurements at the reference sites were used to estimate the annual mean concentrations at city-wide sites using the M2 method (inverse distance weighting). The M2 provided lower RMSE results than M1 and M3 in cross-validations, indicating that it was the better approach for Tehran (SI, page S6). Two of the five reference sites (R2 and R5) were located in highly populated areas and showed higher pollution concentrations and different density curves compared with the other three ( Figure S4 ). These differences could be driven by different meteorological conditions between the northern and southern areas of the city, which differ by up to 800 m in elevation. Although we used protective shelters to reduce the impacts of important factors such as wind, the sampling rates may have been affected by these differences. The correlations between the estimated site-specific annual means and the corresponding means obtained by simply averaging the three 2-week measurements at each site showed that seasonality was an important factor. As such, measurements from the reference sites were necessary to obtain good estimates of the annual mean at other sampled sites in Tehran.
Description of BTEX at the reference sites
We successfully measured 25 of the 2-week periods in the 53-week study period at all five reference sites, without any lost samples. Three non-consecutive weeks were missing due to technical and logistic constraints. One measurement from one reference site (R3) was set to missing because the laboratory result was unrealistically low. The annual median benzene concentrations ranged from 4.7 to 10.1 mg/m 3 across the five sites, and varied ranges for the other BTEX compounds (Table S2 ). Most of the data were not normally distributed, but approached a log-normal distribution. The ranked median concentrations of all BTEX pollutants were highest at the Shahrdari Mantagheh 10 (R2) site and lowest at the Park-e-Roz (R3) site with the Shahr-e-Rey (R5), Aghdasieh (R4), and Golbarg (R1) sites in between ( Figure S5 ). The traffic around R2 and R5 was high with estimated VOCs emissions of, respectively, 360 and 115 tons/year while R1 and R3 were located in residential and green space areas with estimated emissions of 11 and 61 tons/ year, respectively (Table S1 ). Our findings at the reference sites were consistent with previous VOC emissions estimates (Shahbazi et al., 2016b ) with a correlation coefficient of 0.9 between measured benzene and emissions. The annual median benzene concentrations were above the national (Hosseini and Shahbazi, 2016) and EU (Marco and Bo, 2013 ) standard of 5 mg/m 3 at all reference sites except R3, which it is located in a large park.
Overall, the time-series of 25 2-week measurements at the five reference sites indicated that concentrations were highest in summer and lowest in spring, especially during celebration of the Iranian New Year (Fig. 2) . These season-specific patterns were also reflected in the results of the three seasonal measurement campaigns at 179 sites ( Figure S6 ). However, Miri et al. found that most of BTEX species were highest in Spring in Tehran (Miri et al., 2016) , and a study in Balikesir, Turkey showed higher benzene concentrations in winter (Tecer and Tagil, 2014) . These discrepancies could be due to the low number of measurement sites in the other studies, meteorological conditions in Tehran, differences in measurement methods, and variations in emissions over different measurement periods and years (Miri et al., 2016; Shahbazi et al., 2016b) .
Given the high summer temperatures, evaporation plays an important role in extreme concentrations of VOCs in Tehran during the hotter months. On the other hand, the atmospheric mixing height is lower in the winter and inversion conditions might lead to smog formation (Mohammadi et al., 2012) , which might be associated with higher concentrations during the colder months. However, our temporally and spatially comprehensive data suggest that high temperatures, rather than low mixing heights, are the primary driver of high ambient VOC concentrations in Tehran. One exception was a wintertime peak (Feb 18th to March 3rd, 2016) in p-xylene concentrations, observed at three reference sites (R1, R2, and R5) located in densely populated areas (Fig. 2) . This peak may have been caused by localized emissions and/or meteorology in these populated areas.
The temporal between-pollutant within-site correlations for the reference sites ranged from 0.47 to 0.96, with the lower correlations between benzene and p-xylene and highest correlations between ethylbenzene and xylenes (SI, page S12). These patterns are consistent with the findings of a similar study conducted in Los Angeles, California (Delfino et al., 2003) . The within-pollutant between-site spatial correlations for the reference sites ranged from 0.24 to 0.93, with the strongest correlations for m-xylene (R2 vs R5) and the weakest for toluene (R3 vs R5) (Fig. 3) . The high correlations were generally between sites R2 and R5 and between sites R3 and R4 for all pollutants (Fig. 3) . This suggests that meteorological conditions and source patterns may be similar in the central/ southern (R2 and R5) and northeastern/northwestern parts of the city (R3 and R4) (Figs. 1 and 3) . The elevation is higher in northern parts of the city and the meteorology is more variable in these areas. Low correlations between sites R3, R4 and R5, especially for toluene (range ¼ 0.23e0.29), further support this conclusion.
The median COD values were above 0.2 for all pollutants except benzene, indicating spatial heterogeneity in the BTEX compounds across the reference sites. The COD values ranged from 0.12 to 0.37 for benzene, 0.14 to 0.41 for toluene, 0.13 to 0.39 for ethylbenzene, 013 to 0.35 for p-xylene, 0.14 to 0.42 for m-xylene, 0.14 to 0.37 for oxylene, and 0.13 to 0.39 for total BTEX (Fig. 3) . Generally, the maximum heterogeneity was observed between R2 vs R3 and R3 vs R5. There was a negative relation between CODs and the Spearman rank correlation, indicating agreement between these approaches ( Fig. 3 and SI, page S11).
Description of BTEX across the city
Measurements taken at the five reference sites during the three sampling campaigns were included in the analyses of data from all 179 sites. Measurements were successful at 177 of these 179 sites during the summer 2015 campaign, at all 179 sites during the winter 2016 campaign, and at 178 of the sites during the spring 2016 campaign. These high success rates demonstrated that the carefully chosen locations were at low risk of vandalism, similar to other measurement campaigns in large high income cities (Henderson et al., 2007; Kheirbek et al., 2012; Matte et al., 2013) .
As with the five reference sites, measurements from all sites were not normally distributed but they approached a log-normal distribution. The US National Health and Nutrition Examination Survey (NHANES) found similar results where the distributions of ten different VOCs were not normal (Jia et al., 2008b (Fig. 4) . These results are consistent with our previous work, which has shown that the entire population of Tehran lives in areas exceeding similar guideline values for criteria pollutants such as PM 10 and SO 2 (Amini et al., 2014b) . The concentrations of BTEX compounds in Tehran are much higher than in many other cities. Though there have been numerous studies conducted on small number of sites over short periods and mostly using active sampling devices globally (Bolden et al., 2015; Delfino et al., 2003) , not many have simultaneously sampled a large numbers of sites (>100) over one year using passive samplers to derive the annual mean. Therefore, the comparison of our results with studies conducted in other cities should be made with caution. Kheirbek et al. (2012) measured VOCs by Radiello passive samplers at 70 sites over the spring season of 2011 in New York City to develop spatial models for exposure assessment (Kheirbek et al., 2012) . The benzene and total BTEX concentrations in New York City were almost 10 times lower than our measurements in Tehran. Wheeler et al. (2008) (Wheeler et al., 2008) . Jia et al. (2008a,b) monitored the suburban, urban, and industrial communities of Ann Arbor, Ypsilanti, and Dearborn, respectively, in southeast Michigan (USA) at 227 sites using passive samplers (Jia et al., 2008a) and (Atabi et al., 2013) , which is more than four times higher than what we measured at 13 sites in the same district. Overall, our results should though be cautiously compared with the findings of other studies in Tehran (Atabi et al., 2013; Dehghani et al., 2016; Miri et al., 2016; Sarkhosh et al., 2013) given differences in the study periods, sampling sites, sampling methods, and analyses.
Annual and seasonal correlations
The estimated annual mean concentrations over 179 sites were spatially correlated for all pollutants (range ¼ 0.81e0.98). The correlations between annual mean benzene and other compounds ranged from 0.81 to 0.96, with a minimum for o-xylene and a maximum for ethylbenzene (Fig. 5) . The high correlations between BTEX species are likely because their emission sources are the same. This is consistent with the findings of Shahbazi et al., (2016a,b) who reported that approximately 86% of VOCs are emitted from mobile sources in Tehran (Shahbazi et al., 2016b) . Very similar results are seen for BTEX inter-correlations elsewhere (Delfino et al., 2003; Hoque et al., 2008; Kheirbek et al., 2012; Miri et al., 2016) . Delfino et al. (2003) measured BTEX pollutants in the ambient air of Los Angeles (USA) from November 1999 to January 2000 using an active sampling device (Delfino et al., 2003) , and reported Spearman correlations of 0.71 for benzene and ethylbenzene, 0.75 for benzene and toluene, and 0.90 for ethylbenzene and toluene while in our study these values were 0.96, 0.91, and 0.93, respectively. Hoque et al. (2008) evaluated BTEX compounds in the outdoor air of Delhi (India) using passive samplers for a one year period (Hoque et al., 2008) and reported respective values ranging from 0.86 to 0.91. The very high correlations between ethylbenzene and xylenes in our study suggest that they have originated from gas stations and vehicles (Wang et al., 2002) . Miri and colleagues reported lower correlations among BTEX in Tehran, with Spearman correlations of ranging from 0.53 to 0.70 (Miri et al., 2016) . These lower correlations suggest that the measured Fig. 3 . Coefficient of divergence (COD) and Spearman rank coefficient for five reference sites over the entire year in Tehran SEPEHR. The COD values above 0.2 indicate heterogeneity. Note that toluene had the highest variability over the five reference sites. See supplemental information (page S11) for heat maps and exact values. ethylbenzene and xylenes may have come from emissions other than traffic, which is consistent with the fact that only one of the seven sites was situated to capture traffic impacts. The spatial correlation of seasonal VOCs across all sites was higher between summer and winter than between summer and spring, and the minimum spatial correlation was observed between winter and spring. Specifically, the correlation between summer and winter measurements ranged from 0.73 for benzene to 0.77 for o-xylene. These values for summer vs spring ranged from 0.60 for toluene to 0.73 for o-xylene. The lowest seasonal spatial correlations were observed between winter and spring ranging from 0.57 for toluene to 0.66 for m-xylene.
Spatial variability
Based on the CV, the highest spatial variability of annual mean estimates in all sites was observed for toluene (43.7%) followed by m-xylene (42.0%) > o-xylene (40.3%) > benzene (39.7%) > ethylbenzene (38.1%) > p-xylene (36.4%). Toluene had the highest spatial variability in all seasons (summer ¼ 76.1%; winter ¼ 40.6%; spring ¼ 44.4%), which might be associated with specific source emissions (Table 1) .
For benzene, the most carcinogenic of the BTEX species, the highest spatial variability was observed in summer, followed by spring and winter. The same was observed for other pollutants and total BTEX (Table 1) , which is consistent with our hypothesis about the importance of high summer temperatures driving fugitive emissions. The median of estimated annual mean concentrations were higher at traffic sites for all pollutants except o-xylene, which was higher at industrial sites ( Fig. 6 and Figure S7 ). The estimated annual mean total BTEX values had higher spatial variability at residential sites (n ¼ 105), followed by traffic (n ¼ 56), reference (n ¼ 5), industrial (n ¼ 6), and green space (n ¼ 7) sites, respectively (Table S2) .
Studies in Detroit (USA) and Windsor (Canada) reported similar results for spatial variability in total BTEX with a CV of 44.6% compared with 40.4% in Tehran (Miller et al., 2010) . The high concentrations of BTEX compounds in traffic locations are also consistent with findings from other cities (Kheirbek et al., 2012; Tecer and Tagil, 2014) . The higher spatial variability at residential sites might be due to the high number of sites in this stratum, which might be affected by a wider range of emission sources than the sites in other strata. In fact, there were some residential sites with very high concentrations of VOCs, leading to higher standard deviation in this stratum, thus, higher CV.
3.7. BTEX at regulatory sites, around gas stations, and near to the airport
The annual median concentration of benzene and total BTEX was similar across the 35 network monitoring sites (7.7 and 56.8 mg/m 3 ) compared with the other 144 sites (7.9 and 58.7 mg/ m 3 ), and the same was observed for other pollutants ( Figure S8 ). This suggests that the annual medians of BTEX species over the regulatory monitoring network did a reasonable job of approximating those across the entire city. However, the five reference sites chosen for the study did not fully approximate the concentrations measured across the entire city (Fig. 6) . Atabi et al. (2013) reported very higher benzene concentrations around gas stations in district one of Tehran, mainly due to the lack of evaporation control (Atabi et al., 2013 were both higher than for sites outside this buffer. This indicates that fugitive emissions from gas stations are likely an important source of VOCs in Tehran, which is consistent with the findings of (Shahbazi et al., 2016b) and (Atabi et al., 2013 ). An analysis of gasoline evaporation in Tehran estimated that out of the 12 million liters consumed daily, 54000 L are evaporated into the ambient air (Afshin et al., 2014) . Gaeta et al. (2016) measured VOCs (benzene, toluene, acrolein and formaldehyde) at 46 sampling sites around an Italian airport in Rome (Ciampino Airport) to assess long-term spatial variability of these pollutants. They reported that presence of the airport was associated with increased presence of acrolein, but not benzene or toluene (Gaeta et al., 2016) . We compared the annual median benzene and total BTEX concentrations in a buffer of 1000 m around Mehrabad International Airport with the rest of city-wide sites. The annual mean benzene and total BTEX concentrations at these 10 sites were 7.8 mg/m 3 and 57.3 mg/m 3 , respectively, while they were 7.9 mg/m 3 and 58.7 mg/m 3 at the city-wide sites. Our findings are consistent with the findings of Gaeta and colleagues (Gaeta et al., 2016) , suggesting that airports do not affect BTEX concentrations within 1 km.
Conclusions
This study is the largest effort, to date, to measure spatial and temporal variability of BTEX in a LMIC megacity and one of the largest of its kind in the world. We found that the annual concentrations of benzene consistently exceeded recommendations and standards set to protect public health. In light of its known carcinogenic effects, the related burden needs to be quantified in terms of morbidity, mortality, and their related costs. These data will be used to generate exposure models that will make epidemiology study of these VOC effects possible in Tehran.
We found higher concentrations of BTEX around gas stations, and most of the hotspots were sites in areas with high traffic. Evaporation from fueling stations and vehicles, and unburned gasoline in the carburetors of cars, trucks, and motorcycles are likely major contributing factors (Afshin et al., 2014; Hassani and Hosseini, 2016; Shahbazi et al., 2016a) . Approximately 86% of It is a combination of boxplot, density plot, and rug plot. The long line on each bean is the median of observations, the shape of the bean is a mirrored density curve, and the short black bars represent each data point. The dotted horizontal line across the plot is set to overall median. Distributions of other pollutants were similar to benzene ( Figure S7 ). Note that traffic sites had the highest values for all pollutants except o-xylene where it was higher in the industrial sites.
VOCs are emitted from mobile sources in Tehran (Shahbazi et al., 2016b) , confirming the need for appropriate actions against vehicular traffic, such as applying state-of-the-art technologies to reduce emissions, and implementation of low emissions zones. Epidemiologic evidence is needed to support implementation of such policies.
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